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defect could be fully rescued either by
feeding octopamine or by substituting
gene function throughout development
or in the adults. This suggests that
the role of octopamine in aggression
involves a delicate dynamic that
cannot easily be mimicked in
transgenic or drug-treated animals,
and further experiments will be
necessary to tease out this complexity.
A number of questions remain
unanswered. How is octopamine
exerting its influence on aggression?
Octopamine can affect motivational
state (Figure 2B), alter receptor
sensitivity, change muscle contraction
kinetics and influence energy
metabolism [15–17]. Which of these
mechanisms is responsible for the
observed effect on fly aggression is
not quite clear. Nor is it known which
receptor is mediating the effect.
However, the effect of octopamine on
fly aggression appears to be opposite
to that of serotonin [8], an effect similar
to that seen in other invertebrates [19].
Does this conservation extend to
vertebrate organisms? It is interesting
in that respect that octopamine is the
presumed homolog of vertebrate
norepinephrine (Figure 2A), which has
a permissive effect on aggression in
vertebrates [20]. The recent finding
that two other modulators, serotonin
and neuropeptide F, affect aggression
in the fly [8], as do their homologs in
vertebrates, makes this possibility
more tantalizing. Might the basic
mechanism of aggression modulation
be that deeply conserved?
Whatever the answers to these and
other questions, this newly
developed automated method
should surely help us get these
answers faster.
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R163Epithelial Organization: May the Force
Be with You
Multicellular organization is determined by the balance of forces between cells
as much as by the expression of genes. A recent study in Drosophila combines
physical modeling with experimental measurements and mechanical
perturbations to shed light on the processes that influence cell patterns in vivo.Rodrigo Fernandez-Gonzalez
and Jennifer A. Zallen*
The architecture of living tissues
ultimately reflects the properties of
the cells from which they are formed.
Patterns of multicellular organization
reflect the history of cell division,
cell rearrangement and cell-shape
changes within a tissue. Epithelia, for
example, form sheets in which cellsof different shapes come together in
specific configurations of neighbor
relationships or tissue topologies [1].
Mathematical modeling approaches
have recently been applied with
considerable success in recapitulating
properties of epithelial structure [2–4].
A paper by Farhadifar et al. in a recent
issue of Current Biology combines
theoretical modeling with experimental
approaches to determine themechanical forces that direct cellular
organization in the Drosophila wing [5].
The Drosophila wing imaginal disc
grows from 40 cells to over 50,000 cells
during larval development, suggesting
that cell proliferation could play a major
role in generating the cellular pattern.
Farhadifar et al. [5] use a mathematical
model based on specific physical
parameters to simulate the structural
changes that result from cell division in
an attempt to describe how tissue-wide
cellular patterns result from basic
properties of cell mechanics.
Cells are subject to the laws of
thermodynamics, and their natural
tendency is to adopt the most
stable, lowest energy configuration.
Farhadifar et al. [5] approach epithelial
organization as an energy minimization
problem in which the cell pattern has an
Current Biology Vol 18 No 4
R164Γ
*A B
Λ
Current Biology
Figure 1. Modeling cell mechanics as an energy minimization problem.
(A) Two parameters are varied in the energy function proposed by Farhadifar et al. to describe
the forces acting on Drosophila wing epithelial cells in vivo [5]. The line tension L reflects con-
tributions from both contractility (positive tension, blue) and adhesion (negative tension, red).
The length of an interface between cells is increased by adhesion and decreased by contrac-
tility. The cell contractility G is assumed to be constant throughout the cell surface and acts
to minimize the perimeter of the cell (blue circumference). A cell with higher contractility has
a stronger tendency to become circular. Note that contractility (blue) is used twice in the
energy function. (B) Schematic of a hypothetical energy landscape representing varying com-
binations of two parameters. The search for the lowest energy state from a certain starting
configuration (asterisk) sometimes requires that cells tolerate increases in energy in order to
escape local energy minima (arrows) and reach the global minimum (arrowhead).energy function that depends on cell
shape and tissue topology [5]. Their
model describes the energy in terms
of two sources of cellular force
generation: an overall contractility
at the cell perimeter and a local
tension along each cell–cell interface
(Figure 1A). A third parameter that
remains constant in their studies
reflects the cellular elasticity that
keeps cells close to a specific target
area, modeling cells as nearly
incompressible liquids [6]. Similar
equations have recently been used
to model the configuration of cone
cells in the Drosophila eye [3,4]. To
reproduce tissue patterns in the
context of the massive proliferation
that occurs in the Drosophila wing
disc, Farhadifar et al. [5] simulated
cell division in populations of cells
that were assigned specific values
for contractility and line tension. Cells
were randomly selected to divide in
a series of steps and at each step
the cells were permitted to adopt
the nearest low energy configuration
through changes in cell shape, contact
length and neighbor relationships.
Remarkably, variations in cell
contractility and line tension are able
to generate a wide range of cellular
patterns, including those observed in
the developing wing. In particular, the
authors were able to identify a range
of values for cell contractility and linetension that recapitulate distinctive
features of tissue topology, such as
the fraction of cells with n neighbors,
and cell geometry, such as the
average area of cells with n neighbors
[5]. The agreement between
prediction and observation suggests
that this set of parameters could in
principle account for the cellular
pattern in the proliferating Drosophila
wing. However, it is also possible that
other combinations of forces could
produce similar patterns. To further
validate their model, the authors
carried out laser ablation experiments
to measure the cellular forces
predicted by their simulations. This
method has previously been used to
characterize mechanical forces at the
tissue level [7–10]. In an elegant series
of experiments, the authors used
a laser to selectively ablate single
interfaces between cells, followed by
time-lapse imaging to analyze how
cells respond to this local disruption
of the balance of forces. In parallel,
laser ablations were computationally
simulated using the theoretical
model. Notably, the set of parameter
values that accounts for the effects
of laser ablation falls within the
ranges previously determined both
by experimental measurements
in unperturbed tissues and by
theoretical calculations in the
computational model.The convergence of results
from theoretical and experimental
approaches in both intact and
mechanically perturbed tissues
provides a useful framework for
describing epithelial structure. This
framework makes testable predictions
about the forces that shape cells
in vivo. For example, the line tension
values that are consistent with tissue
topology, cell geometry and the
response to mechanical disruption
are small but positive [5]. This
indicates that contractility dominates
over adhesion in the wing disc, such
that interfaces between cells tend to
shrink rather than expand. Moreover,
a uniform contractile force at the cell
perimeter was required to reproduce
the outcome of laser ablation
experiments [5]. These results
indicate that cells are under two types
of tension, a linear tension along each
interface of the cell and a uniform
surface contractility that acts to
minimize the cell perimeter, suggesting
multiple roles for actomyosin
regulation in epithelial organization.
One challenge to reconciling results
from theoretical and experimental
approaches is how to decide whether or
not a simulation is a good fit with in vivo
observations. For example, certain
parameter values used by the authors
in their simulations of the Drosophila
wing do a better job of reproducing
the neighbor relationships between
cells, while others provide a more
accurate description of the cell areas
[5]. Similarly, existing models of tissue
morphogenesis recapitulate tissue
topology and cell rearrangement more
accurately than cell shape [3,11]. The
fact that no single set of parameters can
accurately describe even a relatively
limited number of features of the cell
pattern suggests that there are
additional forces operating in epithelia
that are not reflected in the current
models. The increasing ability to
measure dynamic properties of cell
morphology will only raise the bar for
theoretical models of cell behavior. The
ultimate goal of these studies will be to
explain not only specific tissue states,
but also dynamic transitions between
states during epithelial morphogenesis.
Several combinations of parameters
in the model proposed by Farhadifar
et al. predict that the preferred tissue
state is a lattice of hexagonal cells [5].
However, cells of the proliferating
Drosophila wing disc — and indeed
most epithelia described to date — do
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(A) In the mature wing of the lateDrosophilapupa, cells are predominantly hexagonal and resem-
ble a honeycomb pattern. (B) In the Drosophila wing at earlier stages, cells display a range of
topologies: 4-sided cells, 5-sided cells, 6-sided cells, 7-sided cells, 8-sided cells. (C) During axis
elongation in theDrosophila embryo, cell rearrangements lead to increased topological disorder
[14,17]. Images in (A,B) provided by Suzanne Eaton.not resemble this idealized state
[2,12–15]. This is reflected in the fact
that epithelial cells can assume
a range of topologies including
pentagons, hexagons and heptagons.
The epithelial patterns observed
in vivo are, therefore, more likely to
reflect a variety of stable states in
which forces between cells are
balanced locally, but are far from the
global minimum (Figure 1B). These
observations suggest that forces
acting locally on cells are unable to
overcome the global disorder
introduced by cell division [2,13] or
cell rearrangement [12,14,15], and raise
the question of how cells are able to
escape a local energy minimum in
order to find alternative configurations
with a lower energy value. Interestingly,
the authors propose that random
fluctuations in the contractility or
adhesiveness of cell contacts could
allow cells to transiently accept higher
energy configurations in order to
explore a wider range of cell patterns.
This could provide a straightforward
mechanism to explain how some
epithelia are able to achieve a striking
degree of topological order, as
observed in later stages of Drosophila
wing development (Figure 2A) [13].
An outstanding question is whether
a universal model of cell mechanics
applies more generally to different
types of epithelia. It is tempting to
speculate that tissue-specific
variations in line tension and cell
contractility could give rise to diverse
morphogenetic programs in the
context of different behaviors such
as cell division or rearrangement. For
example, Farhadifar et al. [5] predict
that irregular cell shapes can arise
when cell adhesion is increased relative
to edge contractility. Differences intension across the surface of a single
cell, as suggested by the polarized
distribution of contractile and adhesive
proteins in the Drosophila embryo
[14,16,17] and the Drosophila eye
[15,18], could also expand the range
of cell behaviors and have been
incorporated into various modeling
paradigms [4,11,19]. Further studies
are required to explore the potential
for mechanical anisotropies in the
plane of the epithelium that may
account for transitions between
ordered and disordered cell patterns
during development (Figure 2C).
Interestingly, certain balances of
contractility and adhesion are more
conducive to cell rearrangement [4,5],
raising the possibility that global
changes in biophysical properties may
prepare a tissue for periods of dramatic
morphogenetic change.
Recent modeling efforts set limits on
major physical parameters that
influence the organization of biological
tissues by recapitulating cell patterns
and their response to perturbation in
wild-type epithelia [2–5]. An important
test of these models will be to ask if
altering these physical parameters— for
example, by genetic manipulation of
force generating molecules — can
account for the aberrant patterns
that arise in mutant tissues. These
studies will help to identify the
molecular mechanisms that generate
biophysical forces acting on cells
and will provide insight into how
genes encode the forces that control
three-dimensional tissue structure.
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